Laser Cladding (LC) and Direct Material Deposition (DMD) are well established Rapid Manufacturing techniques, in which a heat source -the laser beam-is brought together with a mass source -usually delivered in the form of a powder-in order to produce a 3D object. 3D transient thermal and mechanical Lagrangean FE models, consistent with the additive nature of the process, were developed using the Abaqus TM software package. Distinct features include: a) the clad advancing front is curved in shape, which is verified to be a proper approach in the heat transfer description of LC; b) continuous composition variation across the coating-substrate interface is incorporated, where a simple dilution model is utilized to calculate the local composition evolution, as determined by the thermal cycle. Temperature and residual stress profiles were calculated, for cladding of C95600 copper-on AA333 aluminum-alloy. FE models of LC and DMD are useful: a) to investigate the range of processing parameters that lead to successful deposition, in terms of heat transfer, stress and dilution requirements; b) to generate data that can be translated into tool path commands in CAM; c) to develop strategies for avoiding failure during laser assisted fabrication or later, under service conditions.
Introduction
Laser Cladding (LC) is a coating manufacturing technique, in which a laser beam is used to melt and deposit one or several layers of a certain clad material onto a substrate, in such a way that a sound interfacial bond is formed, without significant dilution of one material into the other. LC has received considerable attention in recent years, especially in the field of Rapid Manufacturing, under the designations Direct Material Deposition (DMD) or Laser Powder Deposition (LPD), due to its ability to quickly produce near-net shape, fully dense, metallic parts of complex geometries and flexible compositions [1] [2] [3] [4] [5] . This latter characteristic makes it also a very attractive scientific tool, in that it provides the potential to readily produce alloys of arbitrary nominal composition. Still, for a successful laser cladding operation, there needs to be a fine tuning between the processing parameters, most prominently the laser scanning speed, the laser beam power and the clad feed rate.
Mathematical modeling is an appropriate tool to investigate the range of processing parameters that lead to successful cladding and to that end the Finite Element (FE) method provides an adequate modeling framework: since the procedure is additive by nature, the corresponding computation domain changes during calculation; also, the interaction zone has a curved shape and the clad beads formed have a near semicylindrical shape, over a substrate that is usually planar. Analytical or Finite Differences (FD) methods usually are not able to accommodate such geometric features, while in FE those aspects are modeled in a straightforward way.
Parametric studies for LC are conducted by performing heat transfer calculations, but in addition to that, it might be useful to also carry out a mechanical analysis. In effect, bringing together dissimilar materials and/or materials that are processed at different reference temperatures, gives rise to thermal strain (that in turn can also lead to plastic strain), so in the end there will be residual strain and, therefore, residual stress at room temperature, which in some cases can bring the fabricated parts to (or, near to) failure conditions. The FE method is quite advantageous in this regard, as it gives the flexibility to address both the thermal and mechanical problem.
Earlier efforts in modeling of laser cladding focused mainly on heat transfer, with some considering also mass transfer or fluid flow; in recent times, the mechanical problem and phase contents evolution have also been given attention, although mainly in planar shaped meshes. Table 1 gives a summary of such models published in the literature. Papers are referenced in the table in chronologic order. Heat transfer 3D FD Kar and Mazumder [7] Heat transfer, composition
1D Analytical
Hoadley and Rappaz [8] Heat transfer 2D FE curved mesh Picasso and Hoadley [9] Heat transfer, fluid flow 2D FE curved mesh Picasso et al. [10] Heat transfer 3D Analytical, substrate only Deus and Mazumder [11] Heat transfer, stress analysis 2D FE curved mesh Kim and Peng [12] Heat transfer 2D FE curved mesh Vasinonta et al. [13] Heat transfer, stress analysis 2D FE planar mesh Nickel et al. [14] Heat transfer, stress analysis 3D FE, substrate only Dai and Shaw [15] (model of MMLD process, similar to LC)
Heat transfer, stress analysis 3D FE, planar mesh Kahlen and Kar [16] Heat transfer, stress analysis
Costa et al. [17, 18] Heat transfer, phase contents, hardness 3D FE, planar mesh
Labudovic et al. [19] Heat transfer, stress analysis 3D FE, planar mesh Zhao et al [20] Heat transfer 3D FE curved mesh Toyserkani et al [21] Heat transfer 3D FE curved mesh Palumbo et al [22] (LC on a ring geometry)
Heat transfer, stress analysis
3D FE curved mesh
Pinkerton and Li [23] Heat transfer 1D Analytical (addresses DMD wall build-up)
Han et al [24 ] Heat transfer, fluid flow
2D FD curved mesh
In the present paper 3D FE Lagrangian models (i.e. with reference frame fixed to the material) were developed and implemented using the Abaqus TM software, allowing for the calculation of temperature and stress fields in laser cladding of dissimilar materials. Application is made for the case of C95600 copper based-on AA333 aluminum based-alloy. A feature of these models is the possibility to incorporate dilution: as the melt front progresses down to the substrate, the local composition is allowed to change (using very simple assumptions for mixing), and so the properties are set as a function of both temperature and composition.
Results are presented for simulations done with two different types of FE mesh: one that shows a curved shaped clad track, and another with all outer surfaces planar in shape. Although there is a distinct difference in heat transfer results when the two types of mesh are compared, as the temperature problem is very sensitive to a proper description of the melt front shape, the stress analysis is verified to yield similar results.
The Finite Element Model
From a scientific standpoint, Laser Cladding is found to be a multi-disciplinary field, as a number of different physical phenomena play a role in producing the final result. In modeling a process that involves such degree of complexity and intertwining of fields (optics, materials science, heat and mass transfer, mechanics of materials) one aims to start with a simple approach, one that will still capture the main features of the phenomena taking place. At the same time, the model should be flexible enough, so that new features can be further added. The Finite Element method has proved to be such a workbench modeling tool.
The research presented in this paper focused on the development of Finite Element (FE) models allowing for the estimation of temperature and stress fields in the case of single track laser cladding, using the FE package Abaqus TM . The models were developed for a bi-material system although they can readily be applied to single-material systems. A simple model of dilution was also developed.
Model Assumptions
Heat Transfer: the laser beam acts as a moving heat source. Heat transfer is considered to take place by conduction only. The governing equations are, therefore,
which is the heat conduction equation with no source term, where T is the temperature, t is the time, is the density, c p is the specific heat at constant pressure and k is the thermal conductivity. Boundary conditions will be of one or more of the following forms:
Insulated surface (condition to be applied on symmetry planes):
where Q is the imposed heat flux, h is the heat transfer coefficient, is the emissivity and is the StefanBoltzman constant. Temperatures are assumed to be in degrees Celsius, so the radiation expression, which features absolute temperatures, is adjusted accordingly. T is the temperature of the remote medium exchanging heat with the surface.
The imposed heat flux will correspond to the power density of the laser beam. Assuming a gaussian mode:
where A is the absorptivity, P is the laser power, r o is the laser beam radius and r is the radial distance from the beam axis, which for a beam moving with velocity v in the x direction is:
The initial coordinates of the laser beam center are (x in , y, 0), assuming that the trajectory of the laser axis coincides with the mid longitudinal plane of the material, for which z=0.
Results are generated for fixed values of absorbed power during each computer run. This is an approximation, because the amount of energy imparted to the workpiece varies with time, for example by means of the absorptivity dependence on surface temperature [25] . Nevertheless, since the process is taking place at steady-state for the most part, one can assume that an average absorptivity can be defined.
Mechanics Of Materials: the presence of relatively high thermal gradients and the fact that dissimilar materials are brought together in close contact, as in the case of a coating-substrate system, lead to the development of thermal strains and stresses. In fact, the coating and substrate materials will have in general different coefficients of thermal expansion (CTE) and perhaps most important, different CTE reference temperatures (the substrate undeformed state is defined at room temperature, whereas the clad comes in contact with the substrate as it solidifies, thus at the clad melting temperature). If the stress state brings a certain material point above the yield strength, plastic strain develops. So in the FE model for deformation, elastic-plastic behaviour is assumed, with kinematic hardening and a Von Mises equivalent stress flow rule. No external loading is considered, and constraints are applied so as to prevent rigid body motion. The governing equations are as follows. In the absence of body forces, the equilibrium equation is:
where ij is the stress tensor. The total strain, in the present case, has three components: th ij pl ij el ij ij (9) where the strain components refer to elastic, plastic and thermal strain, respectively. Stress and elastic strain are primarily connected through the elastic modulii (or, stiffness) tensor, C ijkl :
The strain and stress field are also connected through the evolution of plastic strain. As to thermal strain, the secant formulation (used in Abaqus TM ) gives:
where T is the coefficient of thermal expansion, T ref is the respective reference temperature (the starting temperature for the experimental data from which CTE values were obtained) and T o the initial temperature.
As to boundary conditions we will have either fully constrained nodes (zero displacement and zero rotation degrees of freedom), or partially constrained ones. The general idea is to fully constrain one node in the lower edge of the domain and keep the other of that edge with some mobility but still on the same horizontal plane. The mid-longitudinal plane is a symmetry plane, so there cannot be displacement or rotation bringing material through it.
Finite Element Issues
Processing parameters: among the many quantities affecting the process of laser cladding, three are usually discussed: laser power (P), scanning speed (v) and mass deposition rate ( ), also known as feed rate. These are considered in the model by means of: a) Boundary conditions: for example, the magnitude of the imposed flux is proportional to laser power; also, the location of the laser beam depends on the speed.
b) The definition of the overall geometry: for example, the clad layer height is a function of feed rate and scanning speed.
It is verified that, while changes in laser power result in a simple change in the FE input file, modifications in the other two parameters result in non-trivial changes in the model, bringing about the need for a socalled 'input file generator' (IFG), an algorithmic procedure to generate automatically such changes. Such an algorithm must also accommodate the need to obtain successively refined meshes, so as to find the numerical solution of the problem, as well as produce meshes that are more refined at the zones where the variables are expected to vary more strongly.
Curved geometry: the calculation domain that is used in the model must match as closely as possible the geometry of the part that is being fabricated by laser cladding. For example, the free surface -where most of the heat and mass input is being deposited into the system-is observed to show a curved (near spherical) shape, which in turn will affect by itself the temperature and stress fields.
Evolving geometry: laser cladding is a manufacturing technique that involves addition of material. Therefore, a desirable feature of a model of laser cladding is the ability to accommodate this geometry change. In a Lagrangian description of the process this can be accomplished in a discrete fashion. The idea is to assume that a certain geometry is valid during a small time step, solve the equations and then take the state at the end of the time step as the initial condition for the next step, for which new elements are to be added to the domain ( figure 1 ). This element generation procedure is, again, a function of processing parameters and requires a great deal of care in the labeling rationale of nodes and elements. For example, some surfaces that up to a certain time step are "exposed" (where heat transfer boundary conditions are to be applied, for example) are now "covered" by the new elements. Figure 1 . Mesh activation scheme.
Dilution Model
The model was implemented for a system where the substrate, alloy AA333, has a lower liquidus temperature (T m S = 585 ºC) than the clad, alloy C95600 (T m C = 950 ºC). For a detailed discussion of this and other cases (single material system; substrate with a higher melting point) see [26] .
In the model implementation we assume that the clad zone maintains its original composition. As to the substrate zone, especially its top portion that will be referred to as the interface (figure 2), the composition was allowed to vary, as determined by the evolution of the temperature field. operation, then the composition of such layer is simply the one of the substrate material; in that case there is no separate interface region and no dilution model is needed. Beyond that threshold, though, mixing will have to occur, even if only to a limited extent, so a model incorporating local composition change is to be looked for.
In a simple approach, the local composition in the interface region is defined as a function of local peak temperature, allowing the definition of a composition variable, or index. The relevance of the peak temperature has to do with the steady state nature of the process: using the situation depicted in figure 3 , we see that the clad and substrate isotherms plough through the substrate material, up to a depth that is the lowest point of the respective isotherms, leaving behind a solid material that has a composition corresponding to such melting isotherm. From the viewpoint of a fixed point on the substrate, therefore, its final composition depends upon the peak temperature attained therein: a) if it is above the clad melting temperature, the solidified material will be of clad composition; b) if it is below the substrate melting point, the composition is unaltered; c) if it is intermediate between those two melting points, then the composition will likely be also found to lie between the one of the clad and the one of the substrate material. This is schematically represented in figure 4 , where we see the typical thermal cycles (in arbitrary units) suffered by the points shown in figure 3 . We see, for example, that point A, already in the liquid state, that has the substrate's composition. But as the clad front advances, point A is swept by the clad melting isotherm, thus the composition of point A changes from the one of the substrate to the one of the clad. On the other hand, the peak temperatures of points B and C are lower than T m C but higher than T m S . This means that those points will have a composition that is intermediate between the clad and the substrate. Since B remained in the liquid state longer, and since it is closer to the clad, we expect B to have a composition closer to the clad than C. On the other hand, the composition of point D remains constant.
Figure 4. Thermal cycles at various depths (schematic).
We see that under the assumptions of this simple model, compositional stratification is tied to the peak temperature and therefore is a consequence of the steady state temperature field. Such model assumes that only moderate convection is taking place, enough to assure that some necessary mixing happens, but not as violent so as to distort dramatically the isotherms and the composition iso-lines within the melt pool.
We define now a composition index, c i , that is a function of the local peak temperature, T MAX (x,y,z,t) and of the melting points of substrate and clad: While c i might vary in a nearly linear fashion, the real composition (the amount of elements, per unit volume) is expected to vary otherwise. Still, with this scheme, one is able to determine the location of the boundaries of the interfacial zone and, therefore, characterize dilution in a quantitative fashion. Besides, the physical properties will vary smoothly across the interfacial zone, as they will be set as a function of both the temperature and the composition index.
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Results and discussion
In this section we present results of FE models of single track cladding of alloy C95600 on top of alloy AA333. Details of experiments have been published elsewhere [27] . In this paper we will be concerned mostly with the effect of laser power and geometric features on temperature and stress fields. Thus, the following parameters were kept constant: laser beam radius, r o =1 mm, scanning speed, v=12.5 mm/s, average absorptivity, A=25%., and powder effective feed rate, =0.2757 g/s.
The variables that are featured are the temperature T (in ºC) and stress ij , especially the longitudinal stress 11 , the shear stress 12 and the Von Mises stress, Mises (all in Pa). The composition index is also shown. For details on the simulations, including mesh generation and physical properties, see [26] . 8-node brick linear isoparametric elements were used for the most part, although in the curved meshes 6-node elements were also used about the axis of symmetry of the clad bead.
In figures 5 and 6 we see typical results of the 3D temperature model. The temperature field is verified to be at a quasi steady-state very shortly after the development of a stable clad track, and for large substrates the temperature field is fairly independent of substrate dimensions. fig. 5 we have a threshold situation (P=800 W), whereas in fig. 6 a certain amount of dilution occurs (P=1400 W). In fig. 5 the complete mesh is shown, while in fig. 6 only the activated elements are displayed. The activation is performed in a stepwise fashion: starting with the full mesh, clad elements are deactivated and then reactivated in succession at the beginning of each time step. In the start of the simulation the clad track grows both upward and laterally and once the expected height is attained new elements are activated on the clad front. In figure 7 a plot of the composition index is presented, for the case P = 1400 W.
In fig. 8 the temperature profiles are now shown for a planar shaped mesh. The elements are activated along straight lines and are cubic in shape. The curved shape of the melt front is not represented and that is seen to yield an important consequence: all other parameters being the same, the laser power that has to be employed in order to obtain a melt pool spanning the whole clad height, is considerably higher. Actually, to obtain a result similar to the one in fig. 5 (800 W) one has to use the power level featured in fig. 6 (1400 W). down to the substrate and up to the top of the clad). So, in order to obtain an overall picture of temperature fields in LC, it seems reasonable to use planar shaped meshes, especially if trends are being sought, or if a subsequent analysis (e.g., stress or microstructure development) is to be performed. But for a more accurate representation of heat transfer processes, including a correct characterization of dilution, a curve shaped mesh should be employed Von Mises stress is seen to be higher in the clad (the stronger material which will be subjected to the higher thermal load) as well as in the interfacial zone. Longitudinal stress, 11 , is seen to remain at a high tensile value in the clad. The stress fields are A tensile stress state can be understood in view of the fact that the clad material and the underlying strip of interfacial material have an initial temperature for the coefficient of thermal expansion (CTE) that is relatively high. That zone, whose volume is very small, will have a tendency to contract, doing that against a large substrate that overall stays cold. That shrinking tendency is hindered by the substrate, which thus applies to the clad a tensile stress state (especially in the longitudinal direction, where clad material that is already cold further constrains its cooling portion).
The similarity of results between curve and planar shaped meshes is understood in view of the fact that the extra material present in the melt pool on the planar mesh will exert a very small amount of extra mechanical constraint on the remainder of the domain. The plot of the shear stress 12 ( fig. 12b ) is also noteworthy, as these are seen to be near zero, except at clad edges. This is in harmony with the expected behavior for a thin film on a thick substrate [28] .
Conclusions
A Finite Element 3D thermo-mechanical model of laser cladding of dissimilar materials was developed and results were presented for cladding of C95600 copper-on AA333 aluminum-alloy. A simple model for dilution was also proposed. The meshing procedure takes into account the expected curved geometry of laser clad tracks and the element activation scheme is consistent with the additive nature of the process.
For the temperature field, a domain that matches the geometry of laser clad tracks is verified to be important: On the other hand, for the mechanical problem, the shape of the clad front is seen not to be as critical, because the existence of an extra amount of material in the melt pool is expected to impose little additional constraint in the rest of the domain.
FE models of LC and DMD are useful: a) to investigate the range of processing parameters that lead to successful deposition; b) to generate data that can be translated into tool path commands in CAM; c) to develop strategies for avoiding failure during laser assisted fabrication or later, under service conditions.
